Gynogenesis is a peculiar mode of clonal reproduction in which eggs need to be pseudo-fertilized by sperm, but the male genes are not passed on to the offspring. One mating system in which gynogenesis is found involves a unisexual hybrid, the Amazon molly (Poecilia formosa), which typically uses males of its two parental species as sperm donors. Most gynogenetic lineages do not sexually parasitize males that were not involved in their hybrid origin and although some gynogens have the ability to utilize males from additional species, they rarely occur in sympatry with more than one sperm host. A few populations of the Amazon molly, however, do occur syntopically with more than one host species, raising the question of whether specific preferences have evolved in P. formosa and whether Amazon mollies can now act like Red Queens, driving the evolution of discrimination abilities in the host species. Near Ciudad Mante, Mexico, the critically endangered Tamesí molly (P. latipunctata) occurs in exclusive sympatry with Amazon mollies and one of P. formosa's parental species, the Atlantic molly (P. mexicana). In this study we tested the initial and post-exposure preference of allopatric and sympatric P. formosa (with regards to P. latipunctata) between P. latipunctata and P. mexicana males. We predicted that P. formosa should favour P. mexicana because this is a parental species to P. formosa and the asexual shares half of the P. mexicana genome. Contrary to our predictions, we found no significant differences between preference scores in allopatric and sympatric populations of P. formosa in initial or postexposure trials. Our findings may indicate that males of both species are perceived as equally effective in triggering embryogenesis by P. formosa. This study, along with limited previous work in the system, calls to attention the exploration of the adaptive ability of gynogenetic species relationships, and their implications for the long-term persistence of not only asexual lineages, but also the parasitized sexual species.
Introduction
Heterospecific mating is limited in nature due to pre-and post-reproductive isolating mechanisms (Coyne & Orr, 2004) . However, heterospecific matings do occur naturally and can be the result of a degree of prior experience with the particular species (Körner et al., 1999; Dukas, 2008; Kujtan & Dukas, 2009; Izzo & Gray, 2011) , sensory bias (Ryan & Wagner Jr., 1987; Ryan & Keddy-Hector, 1992; Endler & Basolo, 1998; Jones & Hunter, 1998) , frequency of available mates (Nuechterlein & Buitron, 1997; Hettyey & Pearlman, 2003; Peterson et al., 2005; Goetz, 2008) , environmental conditions (Barton, 2001; Pfennig, 2007) and poor discrimination ability due to species similarity (Lamb & Avise, 1987; Wiley, 1994; Pfennig, 1998; Ptacek, 2000; Malmos et al., 2001; Reyer, 2008) , among other factors. While most reproductive interactions between closely related species often result in no direct fitness advantages (Coyne & Orr, 2004) , cases exist in which heterospecific mating can be advantageous (Schlupp et al., 1994; Arnold & Hodges, 1995; McClintock & Uetz, 1996; Arnold, 1997; Umphrey, 2006; Pfennig, 2007; Reyer, 2008) . For some organisms, however, the ability to reproduce successfully is entirely contingent on the ability to obtain heterospecific reproductive interactions.
Such is the case in gynogenetic unisexual lineages (sperm parasites) where asexuals must rely on copulations with sexual species to acquire sperm to initiate embryogenesis. However, paternal genetic material is almost never passed on from the sexual species, resulting in clonal asexual offspring (Schlupp, 2005 (Schlupp, , 2010 . As asexual offspring seem to have no direct or indirect fitness advantages from a particular sexual male, there is no real benefit for asexual females to choose specific mates (Schlupp, 2010) . However, female preference has been shown for a number of traits (Marler & Ryan, 1997; Poschadel et al., 2009 ) and for specific species (Marler & Ryan, 1997; Schlupp, 2009) . As the majority of asexual vertebrates are of hybrid origin, specific mate preferences in asexual vertebrates are thought to be 'ghosts of the past', remnants of evolutionary origin (Poschadel et al., 2009 ) and slow evolution (Schartl et al., 1995a,b; Marler & Ryan, 1997) .
One such asexual vertebrate is the Amazon molly (Poecilia formosa) (Hubbs & Hubbs, 1932) , a gynogenetic livebearing fish (Teleostei: Poeciliidae) that naturally occurs from southeastern Texas to northeastern Mexico Costa & Schlupp, 2010) . Poecilia formosa is thought to have arisen from a single hybridization event between a female Atlantic molly (P. mexicana) and a male Sailfin molly (P. latipinna) (Hubbs & Hubbs, 1932; Schultz, 1989; Stöck et al., 2010) . In the majority of P. formosa populations, the asexual form co-occurs with only one of the bisexual parental species and, thus, utilizes the sperm from that species to reproduce Schlupp, 2009) .
Unlike the majority of gynogenetic lineages, P. formosa is not always limited to a single sympatric-occurring sperm host. In a small area in northern Mexico, a third sexual host species not involved in the P. formosa hybridization, the critically endangered Tamesí molly (Poecilia latipunctata), occurs in sympatry with P. formosa (as well as P. mexicana). P. latipunctata is a close relative to P. latipinna that is confined to the Río Guayalejo, Río Mante and Río Tamesí systems in northern Mexico (Tobler & Schlupp, 2009 ) and has been found to be a viable sperm provider for P. formosa (Niemeitz et al., 2002) . In fact, the ability to utilize species other than parentals is relatively rare in gynogenetic lineages (Vrijenhoek, 1994; Lima et al., 1996; Beukeboom & Vrijenhoek, 1998; Avise, 2008; Choleva et al., 2008) .
Theoretically, in populations with just one host one would predict males to evolve the ability to reject the sperm-parasitic females (and those females to evolve counter-adaptations; Gabor & Ryan, 2001; Schlupp, 2009) , ultimately leading to the demise of the gynogenetic lineage (Van Valen, 1973) . This is fundamentally different, however, if a second host species is available. Now the sperm-parasitic P. formosa can act like a true parasite, allow the first host to adapt and show rejection of P. formosa, and then switch to the second host. In fact, previous work has found species-preferences of P. formosa to switch in subsequent mate-choice trials between allopatric and sympatric males (Marler & Ryan, 1997) . Dries (2003) concluded that P. formosa were not driving selection in single sexual host systems, (largely due to a lack of male discrimination as a result of P. formosa's hybrid origin). However, if P. formosa are able to readily switch mate preference in systems where they occur in sympatry with two potential sperm hosts, P. formosa may have the potential to act as a true 'Red Queen' by driving selection on the discrimination ability in one sexual host species and subsequently switching mate choice to the other host species, where, theoretically discrimination ability for the asexual is relaxed (Lively et al., 1990; Nuismer & Thompson, 2006) . Although selection imposed by Red Queen dynamics is traditionally described on a generational scale, this example may imply a scenario in which selection is continually acting on an individual basis (e.g., based on learning in individual males) through the role of behaviour, sexual selection and mate choice, which could have interesting implications for the persistence of an asexual lineage (Schlupp, 2009 ) and mate discrimination in sexual male species.
In this study we assessed the initial visual preference of allopatric and sympatric populations of P. formosa (relative to P. latipunctata) for P. latipunctata and P. mexicana males. After testing for an initial preference, we allowed P. formosa to visually interact with males of both P. latipunctata and P. mexicana simultaneously for 48 h and then re-tested P. formosa preference in order to determine if preferences switched with experience. Although context-dependent co-habitation with sexual species (i.e., sexual experience) and introgression of DNA in asexuals from sexual host species may, over time, facilitate species-specific preferences (Schartl et al., 1995a; Poschadel et al., 2009) , we predicted that the parental species, P. mexicana, would be favored in our mate choice trials due to clonal inheritance and limited introgression (Schartl et al., 1995a) , as well as the fact that preference for novel males has not been uniform in previous studies with P. formosa (Marler & Ryan, 1997) ,
Materials and methods

Protocol
In this study we utilized three laboratory raised stocks of P. formosa for mate choice experiments relative to historical reports of the range distribution of P. latipunctata in the published literature (Darnell, 1962; Niemeitz et al., 2002; Miller et al., 2005; Tobler & Schlupp, 2009) . For purposes of this study, populations of P. formosa and P. mexicana were considered to occur in allopatry or sympatry relative to their natural occurrence with P. latipunctata.
Both P. formosa from the Río Guayalejo (23 • 31 4.51 N, −99
• 00 1.95 W) and El Limón (22
• 81 2.29 N, −99
• 01 2.41 W) were used as sympatric populations. The El Limón fishes come from a small drainage ditch bordering a sugarcane field outside of Ciudad Mante where P. latipunctata has been frequently observed since 1993 and seems to be thriving (personal observation). The Río Guayalejo is, historically, a known collection site of P. latipunctata (Miller et al., 2005; Tobler & Schlupp, 2009 • 00 1.95 W) in May 2010 but were unsuccessful. Therefore, for purposes of this study, we utilized a sympatric population of P. formosa that occurs naturally with P. latipunctata and a population of P. formosa that has historically been reported to occur with P. latipunctata. Our allopatric population of P. formosa inhabits the Río Purificación (24
• 04 89.92 N, 99
• 07 24.45 W), a large river approximately 176 km north of Ciudad Mante. In the Río Purificación, P. latipunctata has never been collected.
Male P. mexicana and P. latipunctata were randomly selected from field collections that have been maintained in (randomly) out-bred stock tanks (250-1000 l) at the Aquatic Research Facility of the University of Oklahoma. However, we exhausted our available stock of P. formosa from all populations used on study and, therefore, simply collected all sexually mature females available. Tanks contain algae and other naturally occurring aquatic plants that harbor aquatic invertebrate populations that include amphipods, copepods, and chironomid larvae . Fish diet was supplemented every two days with ad libitum flake food. Although our sympatric populations of P. formosa occur in the wild with both P. latipunctata and P. mexicana, our laboratory stocks of P. formosa only cohabitated tanks with P. mexicana. Poecilia formosa from our allopatric population naturally occurs with P. mexicana in nature, and were kept together in stock tanks.
We decided to use video stimuli in lieu of live fishes for mate choice experiments due to relatively high mortality witnessed in P. latipunctata after handling (personal observation). Videos are viable alternatives to using live fish in behaviour studies using poeciliids (Goncalves et al., 2000; Trainor & Basolo, 2000; Makowicz et al., 2010; McCoy et al., 2011) . We photographed six mature males of P. latipunctata and six P. mexicana for use as visual stimuli in P. formosa mate choice tests. Males were placed in a small tank and photographed with a Nikon D70 camera while swimming. All P. latipunctata males used as stimuli were collected from El Limón, however, we photographed allopatric (Río Purificación) and sympatric (El Limón and Río Guayalejo) populations of male P. mexicana. Due to size based mate preference in poeciliids, we scaled all images in Adobe Photoshop to the average size of mature P. latipunctata males (33.62 ± 6.28 mm) as P. mexicana males, on average, grow to larger standard lengths than P. latipunctata males (unpublished data). Male images were removed from the background using the magic extractor function in Adobe® Photoshop Elements 6.0 leaving a cutout image of a fish against an all white background. Images were subsequently edited in Pencil v.0.4.4b for Apple to create continuous movies to mimic swimming. Images files were converted to two AVI files (1024 × 768 resolution) where the male stimuli moved from the right side of the video monitor to the left in a straight line and vice versa. The two videos were subsequently linked using Splitfuse 2.2 for Apple, such that a continuous video was created where the male image would move from one side of the 28.5 cm computer screen to the other in a straight line, lasting approximately 6 s. There was an invisible one-second turn-around and the image would then move to the other side of the monitor, such that videos lasted, in total, approximately 14 s . However, the videos ran in infinite loops using the 'Monitor Trainer Plug-In' function in Viewer (Biobserve) during each five-minute trial.
In order to determine species-specific mating preferences of allopatric and sympatric P. formosa (relative to P. latipunctata), choice tests were conducted in an aquarium (61 × 30.5 × 40.5 cm) that was divided into three sections: a left and right 'preference' zone separated by a central 'neutral' zone. On opposite ends of each tank, two identical Belinea 10 30 30 computer monitors with a Matrox Millenium G400 dual-head graphic card were placed to display the male stimuli videos. Monitors had an 85 Hz refresh rate. Aquarium surfaces other than the two ends in which videos were shown were blocked-out by white plastic panels in order to limit external stimuli. Poecilia formosa movement was tracked in each zone using Viewer software and a video camera mounted above the choice tank.
Videos of P. latipunctata and P. mexicana males were randomly selected through the use of a random number generator prior to the start of the experiment. To begin the experiment, a female P. formosa was placed in a Plexiglas cylinder (8.5 cm diameter) in the center of the tank for 5 min prior to testing in order to acclimate. Upon acclimatization, the cylinder was carefully removed and the experiment was started remotely . By starting the experiment, Viewer activated a video of the randomly selected P. mexicana male on one monitor, and a video of the randomly selected P. latipunctata male on the other monitor. Movement of the P. formosa female was tracked for a 5-min period by recording the amount of time (in s) that the P. formosa female spent in each preference zone. After the initial five-minute choice period the videos ceased and the female was placed in a Plexiglas ® cylinder positioned in the center of the tank for another five minute acclimatization period. After this period, the same male P. latipunctata and P. mexicana videos were re-played, however, the videos were switched to the opposite monitors (respectively) to control for side biases.
At the conclusion of the mate choice test, the P. formosa female was removed from the choice tank and placed in an individual (30 × 15 × 20.25 cm) aquarium adjacent to a large aquarium (76 × 30 × 30 cm) containing five mature P. latipunctata and five mature P. mexicana males for a 48-h period. During this 48-h period, fish were fed ad libitum flake food. This was done to present the choosing females with visual information of the second type of male they would encounter in nature. No females were presented with the males (i.e., commingled in the observation tank) to avoid influence on the choosing females based on interactions within the presentation tank (i.e., mate-choice copying). After 48 h, P. formosa were returned to the choice tank and re-tested in a similar fashion for mate choice preference using the same male P. latipunctata and P. mexicana video stimuli as used in the respective first preference test (i.e., two subsequent choice tests in which the video stimuli were switched on the monitors). We, therefore, had raw preference data (proportion of time spent near each video per trial) for the initial and post-exposure tests. At the conclusion of the second preference test, P. formosa females were measured for standard length (mm) and mass (g), and subsequently returned to a stock tank to avoid re-testing the same females repeatedly.
Time (s) spent in the 'preference zone' near each male was summed for the two trials within the initial and post-exposure preference experiments in order to derive an overall preference in each particular test. Our response variable, a preference score, was calculated by dividing 'time spent near the P. mexicana video' by 'time spent near the P. latipunctata video'. We inferred female preference for one male stimuli over the other if she spent more than 50% of her time associating with a particular male stimuli (i.e., spent more total time in the preference zone associated with one male more than the other). All trials in which a female favored a particular side (i.e., side bias) more than 80% when summed in each trial, regardless of the image associated with a particular side, were discarded and not included in the statistical analysis.
Statistical analyses
We double-transformed all raw preference scores for each species in each trial, first by arcsine-square root transformation (used for proportional data) and then by z-transformation in order to meet the assumptions of normality. Despite this effort, and probably due to small sample sizes, we did not obtain normally distributed datasets for initial preference in El Limon P. formosa and post-exposure preference in Guayalejo P. formosa. An overall strength of preference score was calculated by dividing the transformed preference score for P. mexicana by the sum of the preference scores of P. latipunctata and P. mexicana in each trial. We used a repeated measures analysis of variance (rm ANOVA) to compare the within and between treatment effects of allopatry (N = 12) and sympatry (N = 13) on initial and post-exposure preference scores for P. latipunctata or P. mexicana males in P. formosa females with Preference as our with-in subject factor and Population as our between subject factor. Due to the fact that no recent P. latipunctata has been collected at the Rio Guayalejo, we used Fisher's Least Square Difference (Fisher's LSD) post-hoc tests at the Population level to determine if significant differences occurred in mean preference scores not only between our allopatric and sympatric populations of P. formosa but also between our two sympatric populations (El Limón and Río Guayalejo).
In addition to our ANOVA model, we separately ran a repeated measures analysis of covariance (rm ANCOVA) with the same within and between subject factors, however, we included Female Size (mm) and the Male Stimuli Videos (P. latipunctata and P. mexicana Male Video, respectively) as covariates to determine if female size (mm) or the particular videos shown during our experiment influenced female choice.
Standard Fisher exact tests were used to determine if observed trends in initial preference or switched-preferences deviated from expected frequencies. We also used Fisher exact tests to determine if our experimental setup had an effect on the choice of fish, as would be evidenced by high number of side-biases in either of our test populations. All statistical analyses were performed in SPSS 17.0 for Mac. All reported p-values are two tailed.
Results
Of a total of 43 tested fish in our experiment, 18 were side biased in their choice tests and were excluded from our analysis. However, despite the high number of fish that had a side bias in our experiment, the result did not deviate significantly from expected random values (p = 0.351) indicating that our experimental procedure was not systematically flawed. While the frequency of side biases reported here seems high, very few studies report frequencies of side biases, which make comparisons with other studies difficult. Of the 25 complete trials retained for analysis, 17 P. formosa (7 of 12 allopatric and 10 of 13 sympatric) chose P. latipunctata initially (68%); however, this was not significantly different from random (p = 0.411). Additionally, 16 of 25 P. formosa (9 of 12 allopatric and 7 of 13 sympatric) switched their initial preference (64%), however, this too did not differ significantly from random expectations (p = 0.411) in a Fisher exact test. For those fish that did not switch preference, seven retained their preference for P. latipunctata, while only two retained a P. mexicana preference (77.8%, p = 1.00).
Our repeated measures ANOVA utilizing a Greenhouse Geiser correction revealed that initial and post-exposure mean preference scores for P. latipunctata and P. mexicana males in allopatric and sympatric P. formosa did not differ significantly for Preference (F 1,22 = 2.657, p = 0.117; Figure 1) or the Preference × Population interaction (F 2,22 = 0.308, p = 0.308). Pairwise post-hoc comparisons (Fisher's Least Square Difference) showed that mean preference scores did not differ between our sympatric populations (El Limón and Río Guayalejo: p = 0.152) or between P. formosa from Río Purificación and El Limón (p = 0.702). However, mean preference scores from P. formosa from Río Purificación and Río Guayalejo were marginally non-significant (p = 0.056).
In our repeated measures ANCOVA model, neither Female Size × Preference (Wilks' Lambda = 0.993, F 1,19 = 0.143, p = 0.709) nor P. mexicana Male Video × Preference (Wilks Lambda = 0.935, F 1,19 = 0.1.321, p = 0.265) or P. latipunctata Male Video × Preference (Wilks Lambda = 1.00, F 1,19 = 0.001, p = 0.978) had a significant effect on female preferences in our experiment. Our overall Preference (Wilks Lambda = 0.989, F 1,19 = 0.143, p = 0.646) and Preference × Population (Wilks Lambda = 916, F 2,19 = 0.872, p = 0.434) factors were not significant in the ANCOVA model, much like our rm ANOVA model. Descriptive statistics for preference score data for P. formosa females between P. latipunctata and P. mexicana males is listed in Table 1 . Association times represent the total summed time a P. formosa female spent near a particular male stimulus video in each experimental mate choice trial. Raw time near each video was used to create a preference score (proportion of time spent near each video). Preference scores were double-transformed, first by arcsine square root transformation and then z-transformed.
Discussion
While theoretically gynogens should not express mate preferences, species and trait preferences persist (Marler & Ryan, 1997) . Therefore, we predicted that P. formosa females, regardless of co-occurrence with P. latipunctata, would prefer P. mexicana males due to their role in the hybrid genesis of the asexual lineage and their relatedness on the species level. Contrary to our prediction, we found that the preference scores of allopatric and sympatric P. formosa females did not differ significantly in initial or post-exposure tests with regards to equal sized P. latipunctata and P. mexicana males. The lack of difference between preference scores of allopatric and sympatric populations is concordant with evolutionary theory, but differs from previous preference tests done in the P. formosa system. Thus, the lack of speciesspecific preferences for P. formosa populations in our studies is novel in that it provides support for the theory that gynogenetic asexuals should have no preference with regards to mate choice for males as there is no direct benefit to their offspring (Schlupp, 2009) . Despite the lack of difference in the mean preference scores for particular species in allopatric and sympatric populations of P. formosa, we found individual fish with strong preferences for specific species (Figure 1) . Therefore, we focus on two possible scenarios for mate choice preferences in asexual P. formosa when in sympatry with two sexual hosts: (1) Some fish have inherent preferences for particular species and, thus, will always choose one species over another if given a choice (2) Females switch preference between heterospecifics in response to male discrimination ability. Therefore, it is plausible that not all females in an asexual population are switching between male species. Although a majority of fish in our study switched their mate choice preference between species after an exposure stage, the result was not statistically significant, indicating that P. formosa may not be driving selection for male discrimination as we predicted. Dries (2003) showed that male discrimination ability between different asexual hybrid populations was not significant, indicating that a co-evolutionary arms race may not be occurring between P. formosa and its sexual hosts. However, this assumption was contingent upon genetic differences occurring between asexual populations, of which, previous work has found only minimal divergence (Stöck et al., 2010) .
While previous work with live stimuli has shown P. formosa to switch species preferences in subsequent trials (Marler & Ryan, 1997) , in our study we decided against the use of live stimuli to limit usage of the endangered P. latipunctata. Concluding from the number of side biases that occurred during our experiment and the lack of specific species preferences at the population level, it may be that some P. formosa had trouble discerning species from our videos and, therefore, our experiment might have made mate choice difficult. Although we exhausted our stock populations of P. formosa, our study was still limited by small sample sizes that likely had low power. Therefore, we cannot conclude with certainty and without further work whether P. formosa that occur in sympatry with multiple sperm hosts are actively driving selection on male discrimination. However, the predictions outlined in this study should provide the framework for future experiments that can elucidate the role of behavior, experience and sexual selection on the persistence of gynogenetic lineages in multi-host systems.
Of particular importance, with regards to this system, the P. formosa-P. latipunctata relationship is poorly understood in comparison to the relationship of P. formosa with both parental species. No study, to date, has determined the time since contact between P. latipunctata and P. formosa. While we know that P. latipunctata will mate with P. formosa (Niemeitz et al., 2002) , we are uncertain if this confers any indirect benefits such as increased mating attempts with conspecifics as has been shown for P. latipinna (Schlupp et al., 1994) . Additionally, we have only a limited understanding of the effects of male mate choice with regards to P. latipunctata: male P. latipunctata strongly prefer conspecifics to P. formosa (Niemeitz et al., 2002) , thus questioning the frequency in which reproductive interactions occur between these two species in natural populations (by comparison, we know much more about male mate choice in the both parental species, see Schlupp et al., 1991; Ryan et al., 1996) . Future work should consider examining sperm loading (Riesch et al., 2008; Robinson et al., 2008) in P. latipunctata males when mating with P. formosa, as well as exploring size-or frequency-based selection in P. formosa between P. latipunctata and P. mexicana males (Alberici da Barbiano et al., 2011) . Insights in to the P. formosa-P. latipunctata relationship may have important evolutionary implications with regards to the persistence of asexual lineages, but may also lend useful information in the conservation of P. latipunctata. Clearly there is a need to further study the ecological and evolutionary dynamics of P. formosa in habitats with two sperm hosts, as well as the natural history of P. latipunctata, in order to better understand the adaptive significance of gynogenetic species relationships.
